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SOLAR FLARES: AN EXTREMIJMOF RECONNECTION

by

Stirling A. Colgate
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1 will attempt to emphasize three ~oints.

1. I believe that the solar flare is that particular astrophysical

pheuornenon that is the ex~remum of reconnection. No other phenom~non

of which 1 am aware dem~nds as rapid magnetic flux anl]ihilation as is

srru in thr solar flare.

2. l’lasm~ physics experi,,lents call and should be prrform(’d ill Lh(’ li)l)(]ril-

t(ll”y ttlilt mud(’1 rrconn~ction us W obsvrvc it in ilSLroptlySiUS.

3. I I)rlicv(’ Lhi)l ~to~hii$’.i(. [irl(i Iillrs d(’rive(i i’rom Som(’thillx similar :(I

AllvfiII wilv[l turhlllrl~rr arc i] ti(-~rssilry pilrt 01” rrlmonnrctioll.

Wt’ p{’rl”u-mt’(1 rx])~’r imrlll s som(~ 20 yPilrS n~() ill I,tiwrvn(.r l,iv(’rnwjr(’

l.ill)orillory” tllilt ~ilV(’ il hint of” Wlldl 1 h(’livvc is hil})]lf’llillg il) 1111 ra])ill

ilt’ f“lilr(}fim

(Ii ~(mufisiotl Ilitik:lml) hns jIist md(l(’ th(’ poimlt tllill h lll”l*(1

()~y iii 111(1 thi rI~ (Iim(’nsioll f(l rxplnitl rcl”(~llllv(’1 ion,” ‘I’ll{’



Solar Flare TopoloRy

Hany photographs

general picture of a

in optical, EUV, anti x-ray wavelengths support the

twisted loop of flux much like the original picture

that Tommy Gold presented for the mechanism of the solar flare. From the

magnetic field strength and the density nrd temperature derived from the

emissivity observed in these loop%, it is reasonable to infer that the

magnetic field configuration is very nearly force free. It is likely Lhal

the twisted flux tube or force free field is the basic topology of unstable

fields on the sun’s surface. However, most modeling of reconnection is donr

in the limit simii~r to thr Petschek mechanism where

opposite al the reconnection layer, i.c, , a neutr~]

as in the magr~rto tail. Tllr forcr free flc]ds of’

hilnd, imply a differen~ topology, nnm(~ly, on(~ wh~’rr

the fields are exactly

point or neutr:]l pliIllr

the sun, on Lhe othrr

thrrr is a strong n)ag-
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different on each flux surface, then interchanges between two such surfaces

is topologically constrained, similar to attempting to “thread” a n~lt and

bolt of different pit(.1. This topol,Jgical constraint was originally sought

for confinement in t.hermon~clear fusion plasmas in axisymnetric systems.

There are axisymmetric configurations of a helical field of constant pitch

where , nevertheless, the iield vector rotates as a function of radius.

These configurations, “the sc~ew symmetric pinch: are mos’. unstable.

in axisymmetric fusion plasmas one might produce shear, either by

internal plasma currents or external winding currents. in the casr of

coronal ioops the option of external rigid current carriers is not av~ilal)lc

and so onr speaks of a force iree field with a plasma currenl LIIaL is

parallel to Lhe local field vf?rLc)r, This parallel current, J
11’

or li(’ld

ali~n[’d curr(?nt , as reft?rre(l L(I in magneto; phrric physirs is, 1 I)elieu (’, th(I

origil] of tll(’ instahilitif’s Lhilt lead to rapid reconll(s(’t 1o11. This is 11(-

(’illls(’ i II l,ll)oriltory” lllifSmil (*xprrimf*nts thr milgllitll(lf’ of” this (.urr(’f;l h’lls

(-ot-f_(*la L(*(! wi

1 i 01). 1{(”! () I“r’

1 ikv to OU11

II 111(’(silSC “WitliWhi~11 Llll’ ]}lil SMil CS(”il])f ’(1 il giv(’11 (“on! igurcl -

(Iisull:+sillg ttl:~ f’xpf’rim(’l]t tllilt Irildfi t(’ lhis I)rli r!, I Wolllll

11(’ s onw ()I t 1)(’ r(’ii S()[l S I or S(’ilrc’hill~ for il 11(’~ illl(l rill”i(l

m(.(.ll;lnism 01 r(’conllr(t iou, This motiv;ltion” iti tll(’ brhavior of” III(I Iillp,(’si

illlll m(lsl ralli(l fi(ll; ll Il;lrf’s.

Coll(litiol!s” 01” tti(q AII~IISt 4, 11)7;! S(]lill” }’lilr(’

This I’lill”l’ r(’lf”ns(’(1 sorer IO
:11

rr~s ill :;(~v(’riI I 10’s 01 milllllrs, ;II)II(’CII”I’ll

ilS 41 r(~~ioll 011 th(’ Sllll ( 1’ - 2 x 100” (w ill m;l,jor (’xtf’llt ;IIIII bd$ (’(II:s is(~’111

with n Illlx tul)r of lhis Irtlglll ilntl f-if(lius 01 - 2 ~ I!)H (“III. [111($il!isllnl{~s
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strength such that B2/8n = 4 x 104 erus cm-3
and find B of the order of a

kilogauss. One can also calcul~lte the inductance of the loop viewed as

circuit element 2 x 109 cm long and return current at 2.5 times the original

radius or = 5 ~ 108 cm, This is 10 henrys only weakly dependent on geometry.

The required paralle! current of a force free field and this inductar?ce

necessary to store the released energy beccmes =4x101] amps. This

current creates the str,ss in the magnetic field that is needed to store the

released energy. If one interrupts or changes a significant fraction of

this current in the characLerisLic time of the energy release 01 the flare,

namely 1000 s, then the voltage developed along the coronal loop becomes

(d/dt)(LI) = 5 x 109 volts. If therr were a reconnection mechanism thi~t led

to a dissipative resisLiv”ty that could explain the

c~irrrnt interruption of such a flare, then vrry ohv,

voltngr is fivailahlc fur acrelcratinR tllr particles

such a flarr. The acceleration 01’ Lhpsr part i(mlrs

Lhr rrsistdnc(~,

energy releasv and hrncr

OUSly i] fracLion of” this

lhiit arc assoriuted with

s Lhen a contril)ut :on 10

111 pilrticlJ]ar Lll(’ hard ~illllllli) rtiys (and ncutrol]s) Ilavr 1~~’rll ililrr])rrtl’[1

by i@IIV(SII ~anlilLY and Richnr(l l,in~(’n[rlt(’r ws rrquiring t.fJr i+C(’CIVl”aLi(lll 01”

,,
7 h ]()”

[]rotons gr(’ill~r thdll 30 to 50 tfr?V. If yflll ilSSIJJll(S ltliit tllrs(’ ]lrtJ-

ticri’leratr(f during 103 s, Lhrn this r(’({uir(’x i~ proton rllrrf’llt 01

umps [lhol Jt (V]lld] to thr rurrrnt Ilr’c’rs!+ary to m:lilllil ill tll(’ stor(’(1

nf Lhr f’or(”r f rvr (.ollf’i~llr:ltioi]. l)rrKPl)t lll(’ilSIJl [lln(lllLH of ~;lllllllil rilyS,

.1s X-r,lys till(f mi(’ruWilV(* signals from !’lilr(’$ imply Lllilk tht’ ilC(”l91{’l”ii-

LI)(’SP pill-t i(’l(’fi must o~.(”ur withiu Ir!is tllilll S(’V(’rill Sr(”ollrl!i of t imt’.
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reconnection or, that is, current interruption. One is further led to the

interpretation that almost all the parallel current haa somehow been trans-

ferred to runaway protcna by a mechanism not yet understood. The impedence

presented to the ●lectron flow must become hi@ ●nough, pr-swnably due to

reconnection, to give rise to the necessary resistance or dissipation of the

current of the flare,

Comparison of Laboratory Experiments and Solar Magnetic Fields

I wish to compare the ❑echanism of formation of the magnetic field

co..figuration of a solar flare :~ith the formation of a so-called stabilized

pinch in the laboratory. The twisted or helical magnetic field configura-

t.iou of the stabilized pinch or twisted coronal loop is predominantly au

axial field on the inside and an azimuthal field on the outside. lt is Lb?’

same magnetic configuration presumed for solar flnrefi; it is also mei.isurrd

in the luhoratory in the case of a stabilized pinch. The difference i~ only

unr of timp-~cales I}ecausp Of lht~ r~-istiwe difiusivity due to Coulomb

rollifiion proresscs. 1[] Lhe casr of Lhr solar flarr, our ~til~t~ with thr

emr:.genco of a flub 1001) and active r~giun, Tljifi f]u~ loop mily or Mily II(I1

h twistrd, and may or mny not havr a con~tant numhrr o! Lurn~ prr unil

Irngth during Lhc period of emcrgcllcr of rouRllly a wrrk. Thr furlhrr Lwisl-

ing 0! a flux loop call Itikr pla( ‘ hrrnu~r of” lhv C{~rlol i~ ior,’r intlllt.ctl

motir)n~ of thr Itirgr ~culr rddie~ Lhi.il arr i,t!+snr!ntvd will) thr “i”rrl” (1I Ii

I“l:lx loop.

l)urin~ thf’ quio:~rrlll i)rrf4umahly Rlnl)lI’ prri.1(1 of form:lt ion, lhr I 111X

loop rmrrgrti from ;J medium whos~ prrfisurr is hi~hrr LII:I II th;lt O: tk fIISldm

AiWr it emr~- ● the rrlu~ivr v(lrultm of thr CWIroni I, thv pllf-li( Iv prf’x-

Nllrt’ iN C“mffll(d by thr ~irld HLrrsx; thnt i~, thr prr~surt~ Rr;idirut lor(.cIs

a rr revl’rnful, TIW diffl!Nion Lilki[t~ I’lurr dur to rrfii%tivity will Ijl’
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relatively modest because the diffusion coefficient corresponding to a

resistivity of a plasma at a 10 to 100-eV temperature is relatively small on

the space and time scales of a solar flare. For this temperature range thr

105 to 5 x 103 cm2
-1

Icsistive dlffusivity is sec corresponding to a

resistive age for ~he loop of 1011 to 101” s. Consequently, the fluid

motions on the time-scale of weeks can be expected to be represented by Lhe

perfect conductivity limit. Therefore, “line tied” motions are expected to

accurately represent the topological variations observed. The loop of flux

can therefnre either be twisted further by the hydrodynamic motions of the

surface layers of the sun, or the degree o.- twist may be held constant

brcause no further work is performed by the solar fluid mctions.

The Stabilized Pinch or Laboratory Simu]at.ion,.—...--— ..------ ._. .._-.—.. ___

Thr laboratory simulation 01” such a twisted flux tutre is performr(i io

an iipparaltls callrd a pinch tuttr. Her~ , the dimensions are thr ord(’r of

10 (m diwnvtrr so that in order for a plasmii to simulatr Lhr prrfec-t roll-

rlurtivity limiL, thr tirnr of !“ormaLioll of thv configuration mu:;t I)(’ less

thdn Llw Limp for thr firlds Lo dif”i”usr some sma]l frautjot] of Ltl(, rddillsm

Ty])iCillly, (-)11(*Wolll(l hop(” to s(*(* the firl(l corlf’igur;ltiorl LU hc’ rri)r(}~ollt(’(l

ttlilll i]

Pill C1l’

ltlt’!if’
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This is equivalent to the statement that the formation of the field topology

must occur quasi-statically. Typical field strengths are them 5000 gauss

15 -3
with particle densitids of 10 cm . The Alfv&n speed becomes 3 X 107

-1
cm s and hence

Consequently in

process would be

(magnetic) sound

process.

The voltage

be deri%ed from

the traversal time of sound across the diameter is 1/3 pa.

this approximation, if the pinch were formed in 5 ps, the

quasi-static in that there WOUIC! be some 15 traversals of

or of Alfv& waves across the system during the formaLirrn

required t.o “drive” this quasi-static formation process can

the inductance, current, and time. A typical length is

40 cm so that the inductance becomes 2 x 10-’ henrys and the current = SRI-I,

~ 105 amps. Consequently the voltage required for the formaLion of such a

configuration in 5 ps is 5 kV. It is because of this voltage and current,

(500 MW) thaL capacitors are used LO form thr pinch. The capacitor does rIOL

“drive” plasma instabilities any more or ICSS than the one-week time Sci+lo

for the qu;;si -static energencr and evolution of a solar flare 100]). In this

case the energy of’ th~ flirrr is largely developer and stored below the s[~li)r

Sllr!”iiC(” bt’fore the flart’ loop ernergcs.

Plusmif Conditions. ...- . . .

The initial Iah(rratory pliismii rondiLiol)s are as;umrd quics(’rnt ill ttl(’
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Hence so~e local regions of the solar flare should be similar to the labora-

tory runaway plasma conditions. Therefore, even though a laboratory plasma

is “driven” with a capacitor bank it still forms slowly enough to model Lhe

quasi-static evolution of a solar flux tube. The microscale phenomenon like

plasma oscillations and electron cyclotron periods are so small compared to

the formation time that the laboratory and astrophysical circumstances are

similar.

Happing of Magnetic Flux Tubes in a Laboratory Experiment

In Livermore in the early 60’s we (Harold Furth and I) were particu-

larly puzzled that the nested sheared flux surfaces predicted by hydromag-

netic theory for the stabilized pinch configuration gave such exceedingly

poor confinement of a plasma. This poor confinement was inferred from the

low electron temperatures even in torodial systems. We therefore felt it

w.~s necessary to map the flux surfaces to see whethpr the topological con-

strain inferred by sheur was somehow or other broken by another phenomenon.

Consequently wc made a relaLive]y small linear pinch Lube, 1(I cm in diameter

and 40 cm long, and driven by Lwo condenser banks, (1) to form the initi~l

axial field and (2) a second to form the pinch. In adcIiLiun, an c’lec’LroIl

bt*am prol)e was used to map Lhe i“]ux surfaces by pulsing ii shcJrL, 10
-8

s,

ir)tense several amper~* and !Iigh energy 50(’) kV electron beam parallc] 10 LIIC

magnetic field at various r:idii. The hearn was mapped by thu fields OIIL() il

phosphor dud photographed t“rom the opposiL(= en(l. TIIIS is shown in Fig. 1.

The mapping of’ th~ rlrctron bt=:lm ot Lhe end plate is t“sspf]Lti~]]y aII il]sliiil-

Laneous mapping of the flIIx surfaces wiLhin the tub~. Wh~n a rigid uolqwr

rod carried Lhe curr(’nt umi t-he t!lertrotl bt!am passo(l in vacuum, then Lhr flllx

surfacr mapped was indeed Lhr sheare(l ma~nctic fiel(l expected. The’ origillill

benm cirrulur spot ma~ped into ;I short coherent ar(’. On the oLher fialltl ~,hrl]



a pinch was formed whose radius was roughly half the original, such that the

axial field was compressed ~oughly fourfold and the external 6-field was

correspondingly high, then the simple flux surfaces became stochastic as

shown in the later pictures, Fig. 1. These flux surfaces became exceedingly

distorted very early in time, namely several microseconds. After several

more microseconds in Eime, half way through the rise of the field, the flux

surfaces became tot Illy tangled so that the high energy electron beam was

scattered to tile wall in less than the full length of the tubt’. tie inferred

from these measurements that for reasons then not understood Lhat the mag-

netic surfaces were being completely destroyed by an unknown instability.

We correlated the strength of this instability with the approach Lo ru[la~’ay

condition of the current carryir,g rlectrons. AL that time and for many

years since we have not understood a mrchanisrn whereby the existence of tbp

tangled field alone would cause energy to be fed into the distortion of the

fie’d associated wiLil it sLochasticjly. It is my sLro[lg couvictioll LII:IL

sll(h a feedt~ack mecl]anism most likely exists. If this is so, tl~cll LIIr II(>ar

runak’ay condition should esLablish the stochasticity LIIat leads to Lhc 1[)ss

of Lhr more energeti [ electrons carryin? Curre[ll- 01” LI)(I l)liis Ill J i]n(l 11(’11( ’[’

connert :tl(’ inside magnetic surfacrs with tht’ ouLsid(’. ~b(i loss of LII(’s(I

energetic cllerLrons (or encrgf’Lic iol]s necessary L() mainLairl rh;]rg(> 11111-

trality) corresponds to a rleL dissiva[iol] of magnf’Li(. fiel(l en~”r~y all{{ 11[’IIcII

L() rvcon[lcctiont SuclI a phrnon]eno[l wolll(l n:]vc a Lhreshol(] I’ot- il]it I,IL ion

assorintcd wiLb runaway Lhal i II Lurll may t)c Lri~,grr(i(l lIy a Lo})o logi (’t):

cllan~c induced by mag[lrL(Jllyflrotlylli]nl i(. instal)i I itirs. Rrc’ollllrl-tioll slIolll(l IJI’

explored in the lirl)oraLorv Lo Ilelp Lo (’xl~lai[l iL ilsLro\)l\~si~i]ll)f.

1 am indcbtr=d lo Albt’r( l’(,[scl~(!k Ior (Iis[llssio[ls

SAC/re~):b2M
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LBz f,eld Oflly -

Vocuum hellcol field Bz+ Be

Bz pinch, plasma current, Jl, = 5000 amps /cm2
Tlme=4 8 mlcrosec.
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Bz pinch JII = 5000 amps/cmz
Time= 48 mlcroaec


